Abstract
Introduction
B cell development in the periphery is a crucial process in the humoral immune response, where the immunoglobulin gene repertoire is changed by processes of somatic hypermutation (SHM), class switching (CSR) and selection in response to stimulation. Thus hypermutated and class switched Ig genes are characteristic of memory B cells along with loss of IgD expression, and gain of the activation marker CD27. It was originally thought that CSR and SHM were two interlinked processes in the germinal centre (GC). However, the discovery of hypermutated IgM marginal zone B cells in the spleen and the IgM memory B cells in the peripheral blood suggest that the two processes could be separated.
1,2 The existence of such IgM memory cells, that in the blood are IgM+, IgD+, CD27+, has been the cause of much debate about the peripheral B cell development process. 3, 4 IgM memory cells may represent early emigrants from a classical T-dependent (TD) GC reaction, since SHM has been shown to precede CSR in the GC. 5 Alternatively some GC reactions, such as the GCs formed in response to T-independent (TI) antigen, 6,7 may proceed without significant CSR events. It is thought that the splenic marginal zone and IgM memory cells are equivalent populations of cells in humans and are important in responses to TI antigens. 8, 9 IgM memory cells play a key role in the protection of individuals against encapsulated bacteria, such as Streptococcus.
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There are also several lines of evidence to suggest that SHM events need not be confined to the GC and that IgM memory cells arise from GC-independent events. 4 Mice deficient in Bcl6, lymphotoxin α or CD28 are unable to properly form GCs but can still produce both memory cells and cells with hypermutated Ig genes, albeit at much lower frequencies than normal. [11] [12] [13] Similarly, low levels of hypermutated IgM memory cells can be found in human immunodeficiency states where GC formation is thought to be completely absent. 8 Activation-induced cytidine deaminase (AID) is necessary for SHM and CSR 14 and was thought to be confined to expression in GC B cells. However, there are reports that AID can be found in B cells outside the GC, 15, 16 which also calls into question the requirement for GC involvement in SHM. In view of the association of IgM memory cells with Primer sequences are given in Table S1 . A single control Ig gene of known sequence was also included, using the same PCR conditions but with IGHJ region primers, in order to evaluate the error rate for the method.
Preparation of MID PCR products for deep sequencing
To produce sufficient DNA for sequencing, while minimising PCR amplification, repeats of PCR1 (x8) and PCR2 (x2) were performed for each individual experimental sample. PCR Primers were removed from the pooled (x16) products by electrophoresis and using QIAquick Gel Purification Kit.
Samples to be pooled for sequencing were mixed in equal quantities and concentrated using QIAquick PCR Purification Kit (QIAGEN, UK) before sequencing on the GS FLX Titanium Sequencer (by Agowa GmBH, Germany). Accuracy of the method as a whole was determined using analysis of results from the control Ig gene and was less than one error per 300bp, or 1 per 1,300bp if indels (a known issue with the sequencing platform) were discounted.
Sequence analysis
Sequences were assigned to the corresponding samples based on the terminal MID sequence.
Sequences that contained a second MID sequence that was either different, or located internally, were excluded. Sequences were then assigned an isotype (IgA, IgM, IgG) and V gene by use of the original PCR primer sequences and additional isotype motifs. Using this information, a series of stringent quality control criteria were applied to exclude biologically implausible sequences.
Sequences with an isotype primer at both ends, or with a mismatch between an internal and primerbased isotype assignment, were excluded, as were sequences with multiple V gene primer motifs.
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Sequences that passed the quality control criteria but whose reads were too short to span the CDR3 region were excluded as uninformative. For the remaining sequences, the amino acid sequence of each CDR3 junction region was determined using V-Quest, 24 allowing for indels. The physicochemical properties of the peptide between the conserved first and last amino acid positions were determined using ProtParam. 
Results

Ig repertoire clonality in different populations
The CD27+ memory cells, with hypermutated Ig genes, can be divided into four populations; the classical IgD-switched memory population, the rare IgM+ IgD-and IgM-IgD+ populations and the IgM+IgD+ population (also known as IgM memory cells). The IgD+ CD27-population is divided into the transitional (CD10+) and naïve populations (CD10-). We used IgD, CD27 and CD10 to sort cells into transitional, naïve, switched memory and IgM memory populations (Figure 1 ). The numbers of cells used to produce the Ig genes for sequencing, the efficiency of sequencing and the number of sequences obtained from each sample are given in table S2. The different isotypes in the IgD negative populations were distinguished using constant region-specific primers.
A total of 6706 Ig gene sequences were generated. The amino acid sequence across the CDR3 region was used to identify unique Ig gene rearrangements. Ig genes with identical, or related, CDR3 regions and the same IGHV, IGHD, IGHJ usage were seen, representing clonal families of genes. Since the method of isolation involves PCR from cDNA it is possible that some "clones" will arise from PCR amplification of a single sequence, or isolation of multiple cDNA copies of the sequence from one cell. This is particularly the case for the smaller clonal groups, so clonality comparisons are comparative rather than absolute (Table S2) . Antigen-experienced populations had significantly fewer unique Ig gene rearrangements, and larger clone sizes, than in the transitional and naïve populations (Figure 2 ). In addition, over 55% of the total (1741) Ig gene sequences from IgM memory cells were unique Ig gene rearrangements, as compared to 41% of the total (2067) IgG and IgA sequences (p<0.0001).
Where a clonal expansion was identified, one of the sequences was chosen at random as a representative of the clone in order to look at the repertoire in the absence of any contribution by clonal expansion. Hence for repertoire analysis we used a total of 3597 unique Ig genes from four different B cell populations ( The contribution to the repertoire from different donors is shown in Figure S1 .
Comparison of Transitional and Naïve B cell repertoires
The transitional B cell repertoire was found to be similar to that of naïve B cells. We see no significant difference in overall IGHJ gene usage ( Figure 3A) , however the IGHV gene family usage varies slightly ( Figure 3B 
Switched memory versus IgM memory B cell populations
We found major differences in the repertoires from the switched memory and IgM memory There were also significant differences in CDR3 characteristics between the two different memory populations. The IgM memory population had a lower aliphatic index than switched memory ( Figure   5F ). Although the total number of positively charged amino acids was comparable between the two populations, IgM memory cells had less arginine and more lysine . In addition, IgM memory cells had levels of negatively charged amino acids similar to those in transitional and naïve cells, whereas the switched cells had more negatively charged residues ( Figure 5H ). Switched memory cells are also distinguished by their low levels of tyrosine compared to IgM memory ( Figure   5I ).
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Discussion
It is well accepted that exogenous antigen challenge will result in a post-activation repertoire that is shaped by the types of antigens that have been encountered. This could result in skew of the repertoire in favour of gene combinations that preferentially recognise the challenging antigen, or it may be that a history of multiple and diverse challenges, such as is normal in humans, would not result in a skewed repertoire. A previous study was unable to detect significant changes in repertoire between naïve and memory cells. 26 However, their single-cell approach to repertoire analysis meant that the numbers were necessarily limited to less than 100 from each group. We have therefore used recent developments in deep sequencing technology to perform a novel repertoire analysis with sufficient power to critically address the differences between naïve and memory cells. Changes in IGHV4 gene usage between naïve and switched memory populations have previously been reported, 34 however this study was restricted to the IGHV4 family and so the overall usage of the IGHV4 repertoire compared to other families was not determined. Here we observed a slightly decreased IGHV4 family use in switched memory compared to naïve cells, with a 2-fold difference in the IGHV4-34 gene in particular. However, the changes in IGHV4 genes appear subtle compared to the dramatic repertoire differences in the IGHV1 and IGHV3 families, where the former is more frequent and the latter less frequent in switched memory compared to naïve and transitional cells.
Such differences in the IGHV1 and IGHV3 families are attributable to changes in many individual genes, particularly IGHV1-3, . ( Figure S3 ; Table 2 ). As has been previously documented, 26, 35 we see a significant reduction in IGHJ6 and an increase in IGHJ4 genes in the transition to memory cells. Such changes in the IGHJ families are largely responsible for a shorter CDR3 size in memory cells, since IGHD gene contributions are comparable between naïve and memory populations (unpublished data). This is in line with previous findings that higher affinity antigen-experienced B cells harbour a shorter CDR3. 35, 36 There are also a number of changes in the amino acid composition of the CDR3 region with the transition from naïve into switched memory cells, the most significant of these being an increase in positively charged amino acids arginine and histidine. The reduction in tyrosine residues is probably a result of decreased IGHJ6 usage, since IGHJ6 contains a large proportion of tyrosine residues.
The origins of class switched memory cells are thought to be well understood, being the B cells that have encountered antigen in a T cell-dependent manner, since T helper cells are required for class switch events to take place in the GC. However, as outlined in the introduction the origins and functions of IgM memory cells remain controversial. On one side it has been said that IgM memory cells originate from a T-dependent GC reaction before class switching has occurred, 20 while the alternative view is that the development of these cells is GC-independent and they are T-independent antigen responders. High tyrosine and lysine levels have previously been correlated with polysaccharide binding ability. If the majority of IgM memory cells are not directly related to switched memory cells then perhaps they are from a separate population that develops by antigen-independent processes, analogous to the mouse marginal zone lineage. 4 However, it is difficult to reconcile the idea that B cells might have a BCR-independent mode of development from transitional cells with our observation that IgM memory cells have a repertoire that is distinct from transitional and naïve B cells -some selective process involving the BCR must be involved in the formation of the majority of cells. This does not discount the theory that antigen-independent diversification is possible, but rather indicates that only a small proportion of IgM memory cells would originate in this fashion in a normal population and are not enough to mask the skewing of the repertoire that is seen. The alternative consideration is that development of IgM memory could be an exogenous antigen-independent process but might still rely on positive signals from autoantigens for development, and that these endogenous signals shape the repertoire. Tables   Table 1. The number of unique sequences incorporated into the analyses. clonal expansion is counted -the overall total is the total number of sequences obtained before each adjustment was made. There is a high rate of attrition of sequence reads from the 454. The numbers here represent, on average, 20% of the initial data as 60% of sequences either do not pass our quality control checks or do not return results from Vquest. A further 20% were removed as they lacked some component of the full immunoglobulin VDJC gene rearrangement, for example some of the sequences in the IgD-CD27-or IgD-CD27+ populations could not be identified as being switched due to lack of C region sequence so were not included. showed that some occurred more than once, and were considered to belong to a clonal family.
Members of the same clone (with the same junctional CDR3 sequence) were identified. The size of each family was noted but only one member of each family was used in subsequent analyses. We populations. "m", "s", "n" and "t" indicate significant differences compared to IgM memory, 
